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form repetitive computations on well structured data sets at ef-
fective speeds far beyond those achieved by minis and superminis
Although their speeds are substantially below the newest gener-
ations of large scale pipeline and parallel vector computers,
they do provide a clear cost/performance advantage. Further-
more, the combination of a minicomputer and an array processor
provides a high degree of interactivity in addition to attrac-
tive computational speeds.

Using an array processor/minicomputer combination effect-
ively is a difficult task, requiring not only knowledge of per-
tinent algorithms and computer programming, but also a clear
understanding of the hardware and the details of its operation.
The objective is to produce efficient implementation of pract-
ical algorithms. These implementations, however, should event-
ually be user transparent, in order to be of benefit to the
engineering community.

The array processor/minicomputer combination is a special
case of a multiprocessor system in which only two processors,
with widely differing characteristics, are involved. One inter-
esting factor hero is that the communication between the two
processors le ..:es a substantial amount of control in the hands
of the programmer. Experimentation with such a system provides
an insight into the more general area of parallel processing.
The issues here relate to the synchronization of computations
and data transfers, as well as, the design of operating systems
and applications programs to handle the solution of complex
problems.

Several operations typical of finite element analysis were
chosen as a basis for performance measurements. Some experi-
ments measured the speeds of execution on the host computer and
the array processor, acting as separate processors. Other mea-
surements were designed to assess the performance of the integ-
rated system. In addition to these measurements, simulation
was used to predict the performance. The simulation results
are matched to the measured results in order to gain confidence
in the simulation procedures. Once this has been accomplished,
the same methods are used to predict the performance more gen-
erally.

Measurements were taken for simple matrix operations,
numerical integration of solid element properties, and the de-
composition of a hypermatrix. In the case of the computation
of stiffness matrices for the solid element, several alternativ
strategies were attempted, some of which were designed to mini-
mize data transfers between the host and the array processor.

Finally, the experience gained so far is used to examine
the possibility of implementing several algorithms typical of
the effectiveness of the system in execution of such computa-
tions is made.
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.1*~S SUMMARY

The paper describes ongoDing effort.-, t, invest ig ate thte USe fUlness -f

*st 1 cal led "at tached processorsof or ftarrav prnossrirsr , colmbined witLh inini-

and superminicomputers , ini thle onal vs i s o f c ompu t it i na II demand ing!

eng inocri ng prfibi ems ; such as, i n f in ite elIement nonli inenr appl.i ca3t i~n.A

cins C, exainna t Ion o f soniw b ns ic alIg or it hmlls, wi ich p 1 a1v nan im port antL part

i n suic h -!nalI vs i s, i s p re sefnteId . F ur t 1)e o r o , a meot h od olIog y is dovel I ped

* .wh ic h t mull a u1se III Sui de t .i further v f Pill ,; it thIIiS 1 nature- , in c lul(1i ng

the mret general case if ui t i pr oc ess ing. Ail e'mphans is is made ,n t 1)

aib i i tv t ro redic t th tpelkrfortmnce of ari] blinfom t mea0"surements, .1f

er ta in has i c oper rat ioiis , Cou1.pledC wi Lh "Il uinderst and ing o f tic.

charact cci st ics of the h-ardwaIr0 in cue1(St iO, aInd th1) itterplay 1)et woen i ts

vnr ions copnns.Four haridware -iltcr(zat ives aire coinsidored , t wo

which hove attched array pi occssnrs. ()f ti ,) gr i t hins C onsIdIe r ed , it

a ppl';Irs that thli d." rmpis it ioin pm-ncosrs ir H1I. one Whichi benef i ts moist 1-1-111

thei prtos t, nc ce o-f aIn i r rrs pro. ces sor. [les poe (d a dvanit a ge ga i nod ill

st m f fness assemblIy, ;ind f orward and ba(-k war d substit ut io(n moy both be t

o)btaiined by purchas-inr aI nork pnwerfit] simporiinicmpt er.



INTRODUCTION

The advent of "super co"mputers", such as the STAR and CRAY ser ies ,

and the RIEP computer I],provides ain uindo(ub ted brepkthrough fnor large

scale finite element analysis [2]. The ivaiilnbilitv of inexpensive

microprocessors has triggered efforts t o dev is e m ic rocompu ter ntworks

using parallel and distributed processing to provide faster solut inn of

f inite el ement problIems [ 3, 4. Fiiite elemientV sowf tware is moving I nt,, a

new era!, in which the proper programminrg environme-nt a nd modular pr) ra

svstem~s [5] are repI acing monstrously large pro)grams.

In contrast to efforts based on It igli pr foemaince s ix th generat ion1

computers [ 2, 6]1, thi s paper describcs ongin ig e fforts [ 71 t o i nvest 1'j 3t

the use ful noss o f so cl l. 1ed "a ttached proccsso s-" or "ar ray p r,)os s nr q

co:mb inied wi t It in Iai - and s tpe rm i n i cim iiL f, er s in r te aria] Iv.s i s of

Ctmpt,-L i -nil I v demand ing engineeri ng pro])] ems ; siceht n, ini f ini te eI e-tn n t

non-l inear appi i cat ions. 'lic wo-rk presente d hiere- (oe s not in1CILd e aictuLI

soIu t ion s !- f sutchl p r blIem s. Ra ther , a clIose ex amina tion of some basic

alorthms, 1hich pla a imotn prt in noinI in enr annalv si s I Sn

presented .Fu rthermore , a met hoidol ogy is d evel oped , wh ich fo 0Iins a use f 1i I

guide to further efforts of this nature , inclhiding the more g enic-ral, case

of distributed Processing. An emphasis is macde on the ability to, pr.-dict

he per formance of a ilgori thins f rom t ime mea suremen ts o f cePrtan .b as ic

o-peraitions , Comipi L'd wit h an understaind i n of t he charac ter ist ics o f the11I hardware in questioni and the interplay bftween its various components.
The a r ay p~roc euso-,r/ini iicomiputer combination is5 a spec ial cans- 'f n

mu] t iprocessor sv.-temi in which only two processo,-rs, with wi del Y di f iering

chairacterist ics , are present . Fxper imentat ion wi tli such a s vs t em provides

anP insight iot'i t h' more, generarl area of paro] lel processing . ThIe i S Sue-s

hevr e r e ant e t o thet, s vncrhtroi iz nt i on .1n d ho I in ci ng o f conmpuita tionns n nd d -t a



transfers, as wel I as the desipn of oporatL i ng S Vs t emS -1nd a pp] i CaPt i in;1S

pr ojr ams toi h andlI the I( so ILut Ion -o1f c omplIex pr oblIems [F, 9 ,10.

Measurements taken on a n a r raY p roc ,s so r /ini c, inp Iteur system sno)w

th1)at , wh ilIe t he a rra v p roc e s s r i s pe rha ps F80 t im es a st er than th l c1i 1s t

16 bit minicomputer in, the. performanco (if ban;ic matrix arithmetic, it is

iften no t po SSib Il! tO 11p] V th11is. CoMpUtat ji'0 powewr toi p)ra"Ict i a I

problems , dule ton the var ious resqty r iIn i i II il s oed byv t t I un i t ed us .

address space. An alte rnate svstem is no~w being putl together in which :a

bit minicomputer, with a lairge address spaice n] a faste-r d11t n t rap f1 e

r t E,, i s usetd as Pt1he hoI st.

S ev eral a I go0r i t hinlS tyVpic C I o 'If fiTIi te e 0e1tnent aals i s we r, h Itseon

ia Si s for pe-r f irnin ce men stir eimen t s. Snoe oxpoi men ts mns in ed the S Jik (I

it execut ion on t ho liost rontiter and the aIrray pro)cessoir ac t In,,

se~ t~r it e 1)rlc cssir t4. CthIter inofasiirement , w ref desivned to asses I

per firstan11cc o f Ilk inteyr1:It 'd S;V1'TI n.

Ne ure n s'r E-1 ieW r4 t attnoi for s i Ip, Io maItri Xo'pt' rat I 0115 , lItImc r i Ca;Il

t nt grat tini anrd zl .imbhI v -Ii oi d ('lImk1ekn1t pri pe r t i t he drok posi t i 'n,

and f ..rwarl (I nd ba!ckwa rd sutbs t it tittLitu oiqif aI pairt it i tneod s vs tm oT f I 1Ii er

equa-it to.ns,. In L1 ease c if t Iti ciinpiit ioin 1o1 stUi ffnIIess- rat r ic .s fo1r t Ie

F".11 id clIste-mnt , ;Ir Iaterita ive strra t its wer a-c t tenipt Pd , qsiT7e

h IC h wore desig-ned to minimi ze data traisfors betwee-n t ! e ' Itis t nd t It,

a rray processor. Thie experience goi ned from the current syst em Is u1SeCd tII examine the oos~ t f implemntting these algorithms, which we l) Ii i(-v~
aire typical of nfiltincna finite element analIYs is , on thIte more, powerful

32-bit minicomtpitfr syst em. A as s e ssm ent o f time .f fCc t iv enIIess q 1 t he

al Iternante sYstein in execti in of such c ompuLittionsz i s made . Sorme o cut i .)

has to he exercised in the assessment of the perfo-rance i1f the 16-h)i t

m nic oipuit o r ba sed sys t em . AlI tiht nigh some o f I lie( pr ei i c t (ii times for I ;Irge



problems may appear competitive, on e s hoiulId not f orgce't that severe

restrictions are placed on pro b lem size due to address limitat ions,

rendering these figures purely hypothetical, except in so)me dedicated

systems.

NOMENCLATURE

It is useful to introduce some symbols and abbreviations, nt this

point, in order to describe alternate computer con figurat i ons, and r-fer

to problem parameters. These abreviations are:

11C16 Refers to 16-bit minicomputer used independently or in

" conjunction with an array processor. It is charncterized by a

limited user address space (typic,'llv (4 KB) and a slow d;t

bus (typical speed up to 1 .5 MB/sec).

HC32 Alternate 32-bit superminicomputer used independently or wi th

an array processor. Since the array processor is assumed t

provide the primary computational t-ol , the selected OC32

system has the advantages of a 32-bit mincomputer of a large

address space (16 MB) and a fast data bus (speed

21.5 MB/see). On the other h;d, it s f Ioat iug p) i nt

process i ng speed is somewhat limited (0.435 MFLOPS in

Whetstone tests, as opposed to the lC16 time .,,f 0.190).

Todays pIpular superminis have been mensured at 1 .2 MFLOPS,

and the t.p of the Ii ne of our HC32 ser ies has been mea sured

at 3.5 MFLOPS.

AP Stands for array processor. Tihe one used in this research is

primarily a double precision device, capable of performing 64

bit vector arithmetic , and other well st ruc tured

computat ins, at speeds well above those of mini- and

superminnicomputers. So far, however, it has been used in the



singl0 pr-eC i SiOn ( 32-bi t) titide , lii t'i address S J)"!C

1 im it at ions. A si up I e proc i S;i im v:, ,j ant t he nsamet "ir 1 :

pr oceos s,)r pc rf irm th 10S MT1 tun m ic ; fnast-r aniid ;Ir-c

considerably less cx poms iv e.

HCI6+AP1 Combination i the 11C16 and All 'The devikcs ciimmun] cate vii

slIow interface, uising tl1it, K. 16 1 )w s peed davta- bus F

H1C 32 +A P CUub i nat ioun )f tC 32 and AP, vi;1 i Ch 1) ' up 1-( M1 ed V i 3 1 Ii I'l

F speed direct memory interfamce.

U'T-iti1 number if unknowns in the prublo bf-;heing solved.

4tb Hailf bandw.idth of pr a.Basil On e ]eent connectivity.

SISSmh1triX Sir ZCused tO p,1rt i ti'in the1 Syse V3 OM(f eq*.i M'il

'II t a I nmber -if part i t bums in the_ st iffness min.vx.

H NUnde1 r If1 Sinzr submit r i CeS, 1)er rOW , in St i f fuLss 17a.t I ix.

V Vininhe r -If 1 ip i tud i iiiI St t n i u 1 the 11c S')I i d I mo e 1 b) ? I P

Numb, - if ids aeis he sol iii itdel i n i L 1 le r d iire ct l" .

E 'I ta ;I nu1LM bei r o f i nodd(I 1 isoparm otic so I d eI c'm n ts i seod L

1i1,)de I 1 sIiids pro blem.i

I iA R DWA R Ii; HIARATE R I ST I C S

A iin ar ray p riceo ss9nu , - I si cal Ie d an a t taiche od p)r,1c es s 0r, sah1i

s p(.(d spe' I ll urpse, ciompil tat ono I deov icc-, wh ic h canm pe r fonr repct iC

c omplitant ioils ulnwellI st mect tired dara sot r at e ffect ive s;peedos fa r biv-)nn

rthise <i c hi ieved by m iis and superniini s . Al though the ir spee-ds our

sub stant iallyI belIow the newes t generation o f large sc alIe pipelIine and

pa rallelv vec tor c omputer s, t hey do prov ide a clIeair const /per f orianeo

advan tage!(. Furthirmri' , t Ill co(intio n o f am min icoimputier and a n aranv

proce ssor ofIfers -j h igh deg ree of i nteraC tiv ityV ini a dd it ion to a Ltr a ctivif

C (11p1 ta nt I o a I s pev is



Th e array processor is a s epa ii t e compu t er, rutn n in g unde r n

independent operating system. Its so ftware Is primarily snt i tab Ie f,,r

certain types of repe ,Lit iv e ope rat ions , such as mant r x olperations aind tkt

computation of Fas t Four ie r Trans forms . I t i s fa irlIy d iff icult t o

incorporate deta ilIed 1 og ic al branch ing or ccomputn t ionalI sequence s

involving extensive decisio,-n making. Data t ransfers and me ssag e s wap p ing

between the host ind the array processor are* 1 pr,) )1 ma t i c a nd c,:n P f f c I

per fo-rmanco a pprecijab ly, as seen frolm somne of the ir-aszircmen t s tan.'

VT

-mount of AP local memory may be I imitced i n cePrt a in inrsta n ces hs

howewver, does not apply vLto the ;ystem under cons iderat i a.

Several AP types nre avail able today. We rest-rict thfe d iscuss ion1 to

the speci fic de'vice used inl this resoarch wh i ch, wk- bt (, jovc., represesrnt

the state -of the art . In o1rder to) understand thc operation of the sY,;t era,

Fig. I explains th 0 two basic coImponents, and the var iouls soAftwzare i te

wh ich c ont rol i t, ras wel a ns thIte l)ca t io-)n of t h ( da ta. Th e T e r. at i ns

syte o the host computer controls the prto fte ot nijn

lir user progrum, whiich specifties the s.,que(nce( 'i vnsnc er

per form the c.mnpintrat ion. A special piece of so ftwaIre' on Ia 1,, k(-D1I VF..,

resides in thtie host coimputer. tL facilitates communicatioin wi, h tO ht ra

processo r by t ransil a t i ng use r FORTRAN cal I s i nto -tmta 1 I1 paeka e S cl I e"i

Ftnnr t ion Coint rol B1 ocks or EC~s , whilch are sh ipped t i the a -ray pr iesor)i

i nita te 5zpecIic c, npu Ia L i ons or d a ta t ransf e rs ont t he l atte r Iev ieco.

Thie fo-irinjt o f a typ i cal FCB , wh ich oc cup ic si x I -bit woirds (tI 1!(: 6 o1

thritee 32-bit words (11C12) i~s given in Fig . 2. i t cont~ains a fuct ion crnide

and ope-rand addresses, which take the form of a r rny p r,)oes!,or On f tier

nutmb e r s, as- wel Ia os sonme co nt rolI v a r i blIes ( chIie c ksuim etc.)

On ie( nar ray proceossor s ide , an inde pendent forat ip, svs tem. ald

the EXEC , res idevs. ItLs f unctLi on i s t o c ontrol t he l'pern t i on o f t ho air ray1

p roc es sr i t sel In t he ar raY p roc e ssor U tere cexi s t s a mlat beso)"it irCa I

library, consist ing oif a number oif unI inke-d (el ocatable) rutt intes , whIti chI



mayv be as-semblIed int-) a ny pr griims w biit' e-xecute(d m nsj d th11 ;rr7._v

p)roc k2s sor . One o fit the f unc t. i -ns o f H'X EC i 4 t I i ink suc h prir. y r;

need ed to the s pec i f i cat i ons co)nta.i 1n-,i i n the FC Bs at(I co)ntrl f- hi r

execut 1%1n w iLtin t he I -ray proceorI .iSuc h prors taIe tht, fuarr -

separ ate, but fllyI 3VVClhr On ixed , prop rams e n eI d t Ie( Al Pa ind ABPS r 1)-

r e s poct ively v. D atLa a re o ;to recd wIti n t h c;i ara p)ri s sr!I -4i -;

iptrated upoin i n s pec i a nrea s ca IIed bulf fers . On. inp' t :t C-n';1r.

LTar the syste(m atL hand is that, in the1' FCB , -I r-str c t nl 'vnrer 1f bits

used to storc. the buf fer number.,Il hi s pises, a res;t r 1i Cu tr th ir

buf fers -h i cli m.-y be dePf inted . At the1 m1om3en t, t".eI M:!x imn't ultr-I1a!1 f,

614j . S;--n i t wll be exp.-nded to .312 . TI IiI-I hrwa r, (In f grn! l)s 1

thie 1ICI6+AP and the HC32-tAP are ,riven in Fig. 2 ;iu? -ir. j-i respect iV-.V

hA ,'SIC Mi-ASITEM ENT&S

in tti n t i L.) n5S05c; iii.- offeet ivenle-s 1 'If B! I-t i if uI :r harw

cstnsuch ;ns th , -on k - ( bi ng c mns i ( c, red here f -ver I-- rore

Oilile au apria "ch is1 ti) rtil pIetC i fic p r )Iims *In ;ln e:- ss -;I

*Iti i0s pItissible1 i f t Ie sstem i s a Ivil a ble o, hu it has tlh- d isda e i

pr iv 1d in ii, -c i) f I fi it I-e fS r spec I* Ci c i1pult aIt I mh :11 r'IIIt

k it n It I fue Ii fit crpret nend i, nar Ii-? r i Th, ill I -t - Ir

tankeon h).- i: I-t fv s p ic algorit hins pe r t I)ctt t , Il' S11hiCCt

1 ~ 1*, id 1ii>- 1 11i -' t d( i ut i fv t he b-"i ic r Ii iut a I iire bu i i iitip.

hi 1- I ", I ) t 1h vs L ha 1, pe;1 t 1)cr -i)rmIl . Cair' frti 1) ill- u weme I

n k dI !c t i-l s i 11 h,. i -a I- Jw -re wheoneovcr pss hI c; s 1 1) ob ta-ini r- Ii

iursfi)r the ti m C L tein by ea~jchI pr)cics s f-.o r ai ous cafs(-s. 'Ili e-

mea"sureIments, tire then used to obtnin closed fo rm expressioins wi th wh i I:hi

'Inct Can interpolote, or extrapolate, to cover- other porpmeter values,;. A

sitpesimulation of. the algorithm is t han used to obtain -- pcrnt ion cit s

fi'r 0ca-h baIsic task from whichb performance estimates may be made. It: i q

p-sihth'ict to run largt- numbers (If pommel t nc stuieics, in ordeor ti



;IsSe Fs the e f fect o f d if ferentL pr obI '~iirp rran,o-crs ,I s we I I s - i

Cetffect ivetness ()f th 11 rrw~r br1, - NI r eta -il l o'I r ti ' l. 'Illese IV-1 I

ke st irnat es are thenl vor i Ii *od by nkct I,;,I 1 rrtip' iri' f eic r rob (-m

F-mr syste(vs i;ieb~ rsd-r'Ilt] l2 I(, V+A 1 Ind liC ii+A 1.

0 ~~~So fanr- t he pe r f ormrra-c e o th In 1C ( C mid1 lI 1 A 1h ' lay Invn Ill--: s iIr d The

pe rf o rinan cec f ig ures f o i th -th1e r tWIS S l vyti- k~~ - t i t. 1inc

t I.,y ha-v e no t b een i f ully. i nst i IIed ve: ft r- iort i n-t th:t

h--ast CPU and elazpsed t ines , is s c latld~ wit 1 1 uh ')p- --,i .', va 1.

!"A imeasurer]. ilowever , only el1apsed Limies ;ire preseunted . 15, (111-t

1.m p] id tha t pe-r formfan ceI is mei Surd by tie)- c I -lck I im -, lie -d t-

t ire alyori t fll] rather thli-i b", thf C IT t. i11w, wi jeli can bre d(I-c-pt Iv.. 1

IS I In' ar I'i d tita ' Y OIC te S suc C 1) 1i nl - ' r-IMrnir l 1 P e1-. r

irrir In r s n tn "m!-Il 'e 11K''(111) er f -Irrlc r v tn; Oven threi i

~ 1 1 ir ~ Iprr I se - c 11 s'i I dI, ri 1~m ar 1 r. I cr oc- i i -ii nm

C ri , a ir t I ne a I' i- I iig llr,-c I w. *r; ( 2 'i cl t I ise,*v

r a V iv ) :rr-c- S e I' - l- It 1 r, c I i ll S VSt -illI wir I I I m I ; h Ir -ia

I' C 1I i. C I!it)i lIt ie' S e rx p( ct te ext "Ild t- h ia-irrt i n Ia- - l-

-bi e b e I i ~Il n. ; Mrnv of te r'ill i .j il; rrcr-m herhed 1e 1wcr -,,*I- , I:- v

e r-ne- Ii d or t I n d Ii I I' e 1- a] ] as 1)1 r1r4rr1ipt i111,ls. Cha'I'; i ip a -tlu'

pr-- ro I i ,' t-s mar I I % t it' Fi I ' r h dIe e 0 -r

I ~ F k-ica I ] lI -Ill ''d- Is. 1 11 a-t a fir-m ti- i-t 14m .rer' the;

h- A 1) s i iie b;m mri ,- I c,] v ;1 1r1, 1 f l-, - w, I dr~ i - I t r I

iImp.)-retf r ; i il-ri, t11t C lli 1rrii N d itrq umn Ir' 'lilV-

-i rr,;rv T) r c,'-;sr s aI-r e \~ v.;I ibr, ..-wt V I; 1 riill! h in, m ch t - r.

'Hrc H ilo 1ri im'n It I xc,- r u im rI flr, ds pr real i ly -I, t hi intIrfa3-t F.,r

t~ i-(-AI ) n 1i tm- it Ia hr-en1 c l l ; ; tn- -r'nt d aIt ;1p"rr-rx iia ltec v i



It 1..(.

. 2 ciii .sl pl,,r al'su; t . ,ft Y .it i .. ... ;ui, 1! :, . t! ::t t . ' ;,. '.

It is 55sU1n1.,d th2.t p'.,t 1 : d: t: .'t I P., ' t ' 1 ,i . 'lTI! ; ,

i- utl t insfers d i; . d :v tact'u s. 1! n f c I th-. nv,: t

it-; ded i cn t 'd t. th,' L '11tip - t i . , tht , ps,,' , '!r . ; :: Ii n (I (I s

t e , tr MI1i. r s pI,, , vs I ,-t "I2 ti:t' , , , :ttL :

Ft)titmill i.- bIt t sv,;t .:s w r.. it ij nd. 'IP. lhil , ,: : i' Pi . :

I-(slr-eitnsts. t st!- t ,''' n tr sl, t aC!2 Lir' fn u I- 2.1-),:! :,; (s ,c::',,

d. n Ivd .t, ti, s StI , In d i ff, 'rn.-c,

Arv i :ll, r (Ip f* d ,,; -r, :f .I-; I } l , n l , : , t ' :: " t .'

p: -t i n in l:t)4 ' , r1ithr ISrtF,: t:m ch,rdt ,

tt- t ,. u;t ',-:tn. lt,,notv,, r in Hih :;., ,t lt ' itt: tilt' i' ii , w,.,tt , , v :

l,i\'.--l,,d. Figures 5.n j _5.h slw plts .,f is i c'1. i'! . 1 11, .: . ] 2-!:

I nr'nsI,'r 4p'ds 1i, dI 16+AP.

>12 t ri S:< iSltip i . in ,p" n t h i., 'i' cI m: I-, wI 1 f , 1'

,d., i n p mi I P ins ' , it d ' t i nu . Yelt.l l ni ,i t ,- " W1 I ct I'I! ni -n i t i ' F:

S ''Ill' , it Iins, 1i 1 ' it h , i t C-mpu .t ;i nd I th- Al', 1- A 1).1n -'V 1) Li :,..:

i ;i' rf s ( n it 7 1ut i n (' o tinit, s wi t P i c,-rnpa ri son ,f t hI,, -i ;3t in-'

:tp,' , Is ,, tisi .7 ,-itlu , ,'in n Al. It i 1 , l'oeo1vc1 i th r p ed t-1t it pt .

up t n"(..'- p.iss~itl l,. i v lt tu at t n. C; ':p1'1 ,kf ilt iC tIi-i .c F11)1,' Iiot



STI FFNESS COMThl'MlION AND) ASSIM2WY

T[Ie p , roceIss 'f s t i f f z I. ; s II! 1,l v I s 1 1):'s1 it r~~r L q Ira t. 'i .

bot l 1inear Oflti i-) tI inecarI - in:iI vs I il Pr , w's bri i c ftill,:t I *r ~ :r,

I~ f k I 1111 kI , e sIrl o n t I illess i: I I t ;I t Ii I1 Ii i Iv jilt 1) 1 v' V. 1!

st i ffness m;it rix . For the prrpe,;e- if Ltu i vos t -at 1o, tu -''si id 'ri

s i I)'n. in Fig. F was chosen. by V,.2!%V hg tll' nUmber oIf SLtt I nS (M) ;'Ili t hl

number ol 0di-; 11 eaIch d ir' c t ir i t Ii. c r o,;s-e, on -(NLi,)I di I t

c -olnt i nn t ons o f pr 'ib I enm 5 ze antI h.indls I d. to 11 l rI, pi'oduc'ed , wl> i --I 1 orn

b'; s i s fo)r z; pax'arlr'L r i c st udy One, imlIrit alit ;I rsurnpt I i i mde WSS.1 t. :1

cori: m,.nv try must be .- lrg c en u gh~l t o !.t it 1 il tit-. SiuaJ_!id ark': ;It

St.5 I f1 l" s mat Irix , sh I ll i n F i g . jI t 1h u-a v 1)oe 11 V ih n t r i c'~ f

IL ; i ' IP It I P ppr'rp r ;I t 1) r r i rif t, lii' h( s I! pi 'l 2

7, 1z I a it 111 oiS . - i cl 11 npp '.! V e~ s-pI (. un f 1  I t ) i ffne s;s a ;s (-mb lv .i!,

).ro - ,I it i In. i' I g I L il tr,'ItLrI t I 1 o nt . Stv- Ir-.......Irc I r l ::t

)b li I ;.n "u I :11 t C InS .i i t lit s :I I' i--ieS-t -d b%, st r. i p10 1Ii

111 V,' 11 t I. ti1 l tr or exi!Ii f) 1 o , t e It- c t 11 L t( 1 1 n ite d I ri it: ,

uttfoe. ii nnu*: i1,1 )v vert icall iu-. ll t or(mrlt r~ \sil p

I ii it i;t-i I a.51,1 tr c o h n-xil r n nb ,

p I r 1.1 (o' x pc c- It d 1 "i1 t ;1 11 -ws " ofI war c rtc I enI ct \s1 r

117 ti 5 2, 1 i I I - 3 1 LuIrMti cs per r ow . Ii Ie s ize o tf inemon-,ryv' I I,, ho

'no ril u4 t I v - r1i un ' I ( K , In inlus I I W K u-e1od r'd f-riI- EX F l1
1 
d -

Iiti-~~ 1] ) Tl-,-)ry. Sinct- inI till cir ell delo.m ps It i in r -11:t In'

S IJbM C, ttY'jC( a reI pi a c cd iIi Ithi s ti n,) r v, n sutimt rix size of 30X3C c ua)il-lt

hr I 'xcuI ,dI- d. I f t hrc ::nemirv I s xpandeul to 'I? Kw ti ' ss H 1O ) 1 l t nou epi -v

6:1X6 2 mitr it-e(,s; nI, If ext I) hd t 4! KW , Tit i t I- i- C yr V [ - 1() X I Cf V r 1)(

Ii i NI Id I c'd . Wi t 1 I;tre It :1P 1 cjr- -iv -- 1 ilb I o -mi Pl nri'1 im .1- ind '3 , ;I maix ilitilil

;I I I . ;ndirw jd t h 1) , of :i ;rph-r: i mat i-i y '120. , 1 1),i b hand I (.d I lb i s i

i Ii,;t r.i (i'd by t hr' r ci tr It VVet q' sr' shIw ii It e possibleP.



coimbinations cit S ind it wh ich may't be han ldlIed. If IIh. tw' 'n rs r

C Xpi nh1ed to~ the I: i un 1 1 cci .Ic i t v , h ma v !w i nc reaiso d t*4. IPI.re

p I- bI lms a r Le o )e taIc kleId , th h .I! t 11)11t er IetII ,IIfIrv ha ;1 1 se

add i t i ona I buif t' - pace. If the tIemottv s " c x panil d MBb III" Va I),

i :c reascd t -I 14( I I t he mcmt-,rv i s i ic teased to 2 MB, the1 -In,]x im h II '

eqLn I 2 (:00. hi1, Is f lid itettiitW aS :a Itff(Iit n.v III dinef iffic i t I V

I: hC32 1,)r rcear 1is sited ahive As -,I- V t1I he sdrs

rI r 1 c t I, 'itl V c: J v cn t Ct: t .o Id' v f I i.' M f. 'in 2- 0 id ll -1 1 ..

s~~~v Lc )I, 1114 1;i: V 'Ii r l a'~ e It I' i st fha . 1~t L 1

11t 11C(12 A i V

I t il .I t -1 ) :1 VI I l r f

I ci. It d h 1

c'i ::It

'.1 ~ ~ ~ ~ ~ ~ ~ ~ S in' I t3'Iii'vl:'l eutls :il II. <t r TI

C. v' ;.. I n h r3 v' P I- i-w en11 ''~ n3 Ih' tt,

:4 r r;Iinge m 01 t altl d ! I, Is cli'is, It t 1 ' wI r k i 11 :1 rt-i t 111 . The. c S t jiait Ietd

ipse'd t ii 17( it Ii ll siIt '. i . "2 siil'e rinent fi1t' Owii IP 1(6+AI P tiul

ri*''f.it t Ihe 11(, AM' ' p ;v,u i pta

ci-rt nin atinih.r if stilii~tt rix t rminlet's I ) and fr'rti d is k a re reqItii red

I Ir in1g the jk- 11 as)ettIhTv 0ricess. Ihe v itue reqired for these trYan ;f ,rs ; wns



alIso computed and( i Tic luded inr thte est imate . lRosti Its fi-xi var i :,s runs 5i.:1 w

that the St iffne(ss'CO copt It ion process I ;speeded( it p by n c ,tsta;n t fat L,,r

f a pprorx im at e I v ' Ior t he HCP 16, ,anud 3.95 t -or l105 2, re,.-trd i s ft

bandwidth , by adding the airry processoi . Il resul i sunw

d i s a ppo int ing pt- rhiaps , h i sn ii I r c 'mnc Iit Is ns lhiv b ren roacheod bi.- ,r s

2] Tabl 2 1 g ives; th 1)L pe ra t ions cou nt L nd. t im iinp fr 11 rn 1 I Isc

(2CXl2Xi 2) problem Where- Lte numbor of Ili nwiwe F f, P and t ii' h."

Pa dw tl th i s 9C0O

mThei pix i I.,:e)m vif c: i e ips o a adid i r :

that! -if Lin t if fn, q s s s eIh Ib v . 'the npe rait ilis t't I p1

- rl. b l . f -i r t ~l saln rF ., 1) 1 ri d i I! s s ec d p)r e o i Itn1 ! I I I!

, - vT to r t eP1 -O 1 1p1) 10 0 pe d-ti due t) 1 t he it !- a 'N.

L, k, su I-S' Ini til c asi o qc 1f C I6 AlP', th [It pt ed iup Iac t or ir id I l.

S
2

-4a i Al'. 'll(' t 1511L' TI & eli el t I ilStT~p I C1 silt lIaxsa F V -

IllrerU V-Ti v porfuFililT-C, predict iis." e(Ve rnl art11i IT rts t.":

:11d.-. Put.e t 1' tin 4-Tr FII 1i T siod bv te 1, c c I a it it' +.A sy-

Mll LX Imi fIITI: 9 riV 1 ~Ce q p( r F o'w , and s utbmnl r i X 5s i f \ I V1

11;* . T p i L I lit )F-01 1~I -i T/e1111 siz tit) t I 2(T( 'le oe

I Ild l I. V I P. t !l dl .11 27(0 wIT' CX(I tt''i .M e a SIIF v t T1 1 t 'f t C

I. graim I'l I i l I L I v t u-n) ii Tob 1) 1 .4 t 11, I' i . ) 1~ o 4 Tc f - I

-eIr I r I ,etngn s -, Pu-tic r,,peintc is be ot wceon th)e d vk:impu i t iS

p rogram ;jnTd t he o .;'t IttiI I, .I gont i t hil ; om, fer Fence- i n t he Cu vi ti ; I Wk

,,b!; rved . In ,'rlor t 1 r, movt I It,, I f1 -et of thle li1s c p'ncv, I CoTFlIC t 1 1'

Was aipp] :1d anIld it Ii 'I eij I- 'I,-d it1ld -'t ctvd t igi c11 g~T'. i

h-t e 's. s tilte - IT T :,v, w h, i itl (. Ci c II' ai t v'd I ili i t 5 ar i a i

w!i - nfl theo m.a! t tliIiit- - iTS'S; o-~t ll IIt ms ei I ,;, vairyv t ti t,- sa. ti'o - ird o

magn Litc . Ili is i s iI Iu- ist ratLed bv -ife f, f I te canses , wiich was run t wi ce and



sh-1ws I d if firence n appri xiinato Iv 10 percent. Ft, iinlt(5 11P the1 W1,

sqc ( II 111 12 oi ,ccklr,.te , i for ,I r row h"11d ed m."rtr i r ;, hi cli is I

sur pri s ing s ince th is was ino -i f th o1 li,isc -I Innpt is mido i ii

operat I -)n count ost inizt es. 'ihe ndjusced run t itres I-(, mI're 1 arc11r ati L c I III

the unadjusted ones. Fig. 10 g ives Ipictirial representation if !!o

resuilts for a set (if deccnmposit ens whe othe b on dw id th iskep t

C 'InS'iant %'fl~ 'I11k f IjI T e reu vs1. 1 gii a ceri-IIn ;Ili! -tIn t if L7in f iden 1!!

the bisic appiach useod in this T)Z31)e r nIWO al I I iws, us t (.x exnit ni

estimates to ether algorithmsg.

Ff11RtAPD) AND BACKWARD SUJBST ITUTIONS

'!ho i prracc'dure appl ied si tarl tI lit st ffl.es ns s m V Un

d c'mis t i In is n,1ex t -inpiived to nhtaIII in t~ -Is Cait i I orpa !;;I fir

li hi f i, : cr d n )d 1)a cI k i,- -d ;ub s t i ut i is t- v 1 i c al -)if nutin fI i I tcr,2t il

'l;e rc-n il t s , for 1e senll 1' id (l ind c I dc lc rihi-d .sha-,ve, re F, iV(T-

I ;ah' I . 'ill t i h l ' (1 , f i , t sisa f, .i\. t 1 e lbit -v!;4A Vti-,i

,V.r t he( 11(3. (te -ib I orn ser c. t -Il be hik i ne ffect ivo ne ss if ii1n" ,,

:1idifit jifll i r qid f te lit- ri\ ice sli In thlit C 1 i t iih

d .c Z;11 Lag eoesI t P"I p.i m Ih I ;"pajrt of 1the ctitlit ;It Ian ins Ide o h t i-is4!

r Cr.p t ~ r . c in, )o q)"copeed i " )1 prioce ss ! 'mwwewba , J- vin up t -it; 11 I. *; !

wac I i if C. t- ic r the HC 12l'n~ At this; punt in t iie, i t aIp Ptr'

hat- the ;idvalingi ') ijte arl :v fiiisa s neot: a, custn :ta r-.

lf')W-V(I c.-1-f f Ill r;i n? I t nI a; req ~i reCd tie fiuri fti n.11 c -:inc I in Au



ON THE ADVANTAGES OF PARALLEL COM I~TA''I ON

In a system incorporat ing mtul t iple 1(v-'h'nin ivicci', the pie';: inm

ComeIs to Mind Is to0 the0 I possi1le adv:tagnp, -if pi ralII c] c inmpitt inm

e thIe r ail alIgr i t hm ca-n h e c c elI lra t.ed b)ny -l lowingp the d I f friI.,n

hiardwar e modulIe s to 'pe ra t c indetpendn t. Iv ,pe r fgrin g di f fe-ren, b it

r cI a t ed t Itn ct ionls a t the1 s ame t int e , d epe nds , n both 1 th11e a I ponr i thin and r be.

hardwairv c-n f igurat ion I j1 Fig . I11 sh1ows I I hv potII ttI c:, 1 case1 f -1r wiic 1

parnllel proces.,sing is to, be app] ied to ai spici f ic a I on t hill. lTh..

deC'' Olre onidere(d , a h1-;L compter, a d atn t rans fer buLs, anId A arrI-a'

F1 1l'c ;s1r Vp II Ia i st rot in'S Lilt' seenen11"I .) i

1rthe g iven s~t(n, as siming, serianl coiiptit :ti on. 'lb sameo prie,,ss ;:';iv1

'peso n t od min o I(-c arly-I inII Vii 1.] I': tii is 'v i (mI m 1t thaII-t ilt- ;IIr.~

pr., t-s ;,Ir ii, nIt beci ng u s t! s u f fi' ck n tIv 'Il -11 hostL a nd datLa bus 'int.

11"h11r hand ar 111sed -q pr,) x nat. i' Ilv hzil f7 the L tit( . '1hw max mumlil hen, t

be deiw romi pa c'sn. in ',)Ii z c:!s, ,Is sho wn I'n F Ig . I I .c I-.

aI 1"ImeS thamt I d ev c- es ;M, pt' 11fre th reqiti red [mlinet 'n'

'iiiiil II itiii v ' ii' I s 11 1tt,'m I'.' i-mi ; pustlil'. 1'w ' r since 'i ir Illns

c Induct I t i n me' J r -t I f t hie li.a rdwaro u is ti Y rc qu 1 r ( s tha liz I,'I'

prt'nsconducted el 'i,whoro le compleoted, f ir-s t. whi1ch resul ts in VaI

:1 c t I.": I run11 , itic il asI hat ht 11r 10 I F ig . I I .d

Wl' t'tr I pJart itIi 1 1llpoi tnilm canm benefItI f romi pairallel c .n1tt :.t in

n t , 11 st f irIst h)i' ( do m-in byI " 1 a 11ii p1 e in al I vs is of th!e(Icn1 d an : 1n

-,inp ititr nisot irIc i's I It. I' n raJngs,",t. aIm'unI It I time is Spen t inI on,

pa-Irticua de I-cvice, paIralI ,I norat ion will mnost c e rtaIi nly noI)t h eIp, It

ihtv be po be to slti ft. su-)ie of the 1 ,,1ad fri'n Ine device to another, in

'mrdhr to *h n n tIto ha] an1cid loa]d onl the system. I f, for examplIe, Ian

tI' ir it Itnui is c -imlipimim't bml, st III(II; c I a in the caei 'if th dt Iec ompos;i tion kit

sp-iss ibi In' to i n cri'-se t It(, s peed by suppI vi ng mnere- t han one a rrayv

pr'.c vs ''mr , orI CPUIT, in nr der L' a ch iev e a ha I ivco betwee n cotmpu tat i on a nd

d ata t rans tir t imes. Onl t Ie o thor band , it I i' process suf fers f rom



excessive data trans ter t imes , daabtf ferng aser da ta b Is 0* lin j

with millti ple d isk dhrives, andic controlleIrs may !) b used. CIare(If i ,IIi lny

svstem 1/0 operat itn would Ii so hep1). (IncI i t is; doterined t hat In

-ilIgor iL in is po.)teC11t ialI Sv sU table f -irI palra Il( I c om ptant ion , d-ta II led

-Inn Ilvs is i n wh ich Ithe , d is cret Tn L .Ire fHie d cmand!; on e ach1 Sv st em

vMf)lp0 11nt I q token tt' considerat ion, is wHi ft h ned-Itkj 71

cI.NGclUSj I nNS

Th c P,! per haZ!SS IC ucc(eded in1 d evi s i lip ' a 1 rihd I i ogv ior p I d jet f i it h,,

per f irtimce imaprovemen L a% a resultL o f the ad1; I t inI of an IrrI- pr-'r I-

to a minit:amp!tc-. Four sYstf:ems WI r-. I.In-I d rr7ed , wo) If -,,, I ; h h1:ve

- th-d a r ra. p rocesso, ;r s. (f the -loith] ri'irirr 1 ("t1 aper s I c4 t

It, od c-E nipoaj; ti ion p)r fces i-s IthIe oneIl( wich 1 1'-'nef i 1s moCstf ro-)M t h presentce

II'l an pt Ir -I'. dre~ so The ';p I 1 t ;I1 ;a i ne cd It 'It s ft f15 n S ,( 11)~ 1 v

n (Id foirward( and! bai-wald Lill it t i onls mly h )%t h be ob t ai ned by purchas I il'

a mo poiwer fill o m1ni p e r .As such' I, it appearIS t ht ;l f:nIli x< ofj

in Whi ch het, 11-;t c ino ris freed to hadl ther tvasks; such as pro- nraI

p t p rir-sioe loo with 1 I izriz(d i tevrat i ins wh ilIe th1)e aIrrayv proceOssor1

I -t1." Ill th'' Pi, I< 0 I Ic om os I I I pro'ce-sS , tnt pht he advn :ge s.(n iil:

I t 11K r: L I f,0t t t-ad i t i oia I I fnpt t i on I 'zt rF 'p e -r

n- t1i "It' i I . t dK N (' w d Ill IiiIetli-Ei, t h, IiOst c omfltoer ma ,v be u-I ts .d

,7flfi:IVO H -11 etrreitt soliit I 'n voctot- h,' I d t on pr ev -iott1 v o t Ii nell

II t c -ipI iL;it l, w'it i 1 the1 , -I-, , ii )\ r ~c ,,, s-r i q tic; d to) cominpute: a n I !o.pul I

'i !iE I, ) i , s IT) ma -i ix 1 ,( ,~si 1n a toire rcent Io u t i .)I p o in1t. Using I he

cuirrent I itt;' e,,; inmtes, the ( i( alvaita n g i 11ed il ma be small I n 1 v1 t

i1.1 'r,:t i ins can he perI-fo rmed i i the t im e r oqu i red by thei HC 3 2+AP1 to coiputI

aI n ew s t i f fne ss aInd d c ompo se i t. Spa r -e ma t r, ix c ompu t atiins mayh be used

f-ir t ie. I torait ivk proccdure , raiLter t 1;in r Ior ret sol1u tin i t i si t .o

ea:rly I - I i od out whth-e ;iuchl -por i thmn; could bec effective oin a n I-r a v



One, must state, howuver, th at the a pparent a d vaiit a ge s af t hc a r ray

processor i n the diec(mpis it i in Ialgo r ithml, w1hIicHI seems to ho tho ,wiS I Wil

c,.nsuming of all computationail steps, if, not to~ be t aken I i b,: I v. t

clear that such speeds can not be aCh jevf.-d with s i.i p ?Ie comrpu t' dec r ~

with the same price range.

Many ither concluions'1 conme to m in d. A 16-bit- m In ic Imputr wi t

1 irmit edk a d res kSSpaIMce d es noIt alpeaC,:1r to e ; I t hi 1)~ : F, f I :

array processor. The restitd mery se dr;! :i v Ims prMx

size. A convent lonl c commun icait in mit t k-r faco i q !ot :d~ ILI f t !I,,

Imin icomputcr/ arrav pro)cessor coinbirnt ioniI t .1he u: it V-rI ef f't ivelv. I

u1 using the h ype rmat. I- ;x scheme , small1 5I mat !r)(: 0- t -iv idd. A

minimum si z' of ?OX30 i s recomimended . F,)r Iorg ro I- Sx st i f fuj

,Iliputt ion an asm b I is speeded uip by ai fotr f f'K -I forwa-r! - 1,

1).c 1wai r d subit s I i tI at i, o i Is slit cdod uip by a It ; t *'r f t t 5 , hu lt w:!t r

* decompos t i -n1 I"n rill -- , much ais 40 t imes fa stor I- ;ara 1d 1 iic, e I d~>

no-t ;( mm ti of fer- much of an aidvantage_, unh-'ss mill I I pli e I aray. v1 pr-ic -q
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ITEM A P 1( 16 tiC 32

HC-DK 55.?3 9.40
HC-AP 45.,P7 16.10
Multiplication 75.58 5448.40 2724.20
Addit ion 10.00 65.50 32.75
Inversion 112.34 8039.14 4019.67
MRB transfer V.50 1.00
FCB transfer 8.50 i.00

Table 1 . 'I IlING OF BASIC OPERATION FOR (40X40 SI3.MATR1CES)
(Times in mst:c.s.)

4 IEM iC 16 1IC 32 tlC I 6+AP SPEED iP 11C32AI SPEED UPl
FACTOR FACTOR

'r. nsIors 237.7 35.7 237.7 1 .000 35.7 1.000
F (mp. 7," 7 . 3F43.0 1200.1 6.406 107F.2 3.565
T t:1 79''5.6 3579.7 1437.8 5.512 1114.0 3 .,I53
i'ar' 1 1 7(,F7.) 3F43. 9 1200.1 6.140 107S..

NOTE H Cl16 tii es :iro hvp.othet ical due to memorv rost ricti .

I. 2. IEJIA'! lYII PERFORMANCE FOR TYPICAL SOLID PRoli E1I,

(S'II NI ,, ASSEMBLY) (Times in socs.

ITEM it.,!t, 11{ 2 HC If +AI' SI'EI) UP 11C ?+AP SPEED 1:1'
FACTORl FACTOR

"iransfers 7 71.S 83P.6 0. 567 71.5 1.0
Mul t pl icntion 5r5952.1 277976.0 7 3144.0 77.21 7144.0 3p. 00

Add it ion 20P5.4 1042.7 143.3 14 .550 141).3 7.275
Inversion 3900.4 1953.2 51.9 75.271 51 .9 37.635

ECB transfer 526 .4 61.9

T tal 562419.3 281043.3 F704.3 64.614 7472.7 37.609
Parallol 561043.5 25O971.F 7339.2 76.567 7339.2 35.2F3

Table 3. RELATIVE PERFORMANCE FOR TYPICAL SOLID PROBLEM
(DECOMPOSITION) (Times in secs.)



NO. Submatrix N.S.M/row U b/U Est imt 'd Mea;ure Pcnt Ad . PcnL

of size 1i (prog.) (run) err err

Prtns. S

4f0 30 9 1200 0.225 217 257 I, 237 7

30 30 9 900 0. 3 1 79 13 1 63 5

20 30 9 180 0.45 94 119 21 II! 15

15 30 9 450 0.60 63 .,2 23 - -

15 30 9 450 0.60 V 74 15 - -

]1 24 9 360 0.60 49 51 4 - -

15 20 9 300 0.60 42 45 7 - -

15 16 9 240 0.(', 38 '4 12 - -
15 10 9 150 0.60; 33 31 b - -

Table 4. COMPARISON of MEASURED and ITEDICTE ' TIMES

(MATRIX DECMPOSITION) (Ti m(s in sccs.)

ITEM 11C 16 11C32 1C 16+lAP SPEED UP 1132-±AJ' SPEED UP

FACTOR FACT(R

Tarnsfers 934.3 140.5 16(47.8 .567 140,5 1 .000

Mtltns. 2564.6 12,F2.3 64.9 79.540 (4. °  19.770

Addition 3C.9 15.5 83.3 '7 83. .185

Inversin .0 .0 .0 .00 .0 .000

FCB transfer 416.7 49.0

TOTAL, 3529.8 1438.2 2212.7 1 .595 337.7 4.259

1ARA LLI L 2595.5 1297.8 2064.5 1.257 189.5 (.84

"Ible 5. RELATIVE PERFORMANCE FOR TYPICAL SOLID PROBLEM
(FORWARD AND BACKWARD SUBSTVITUTIONS) (Times in secs.)

4
-, A .. .. .. I 1 1 1 .... .. ... .... . --
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